A new segmented cell design was applied to study the aging of dye solar cell with stainless steel (StS) photoelectrode substrate, in particular the role of electrolyte in the degradation. Photovoltaic showed changes in the recombination at the photoelectrode / electrolyte interface. With the segmented cell method, we confirmed that the electrolyte was not contaminated by the StS nor was it subject to other significant changes related to the rapid degradation.
Introduction
Nanostructured dye solar cells (DSC) are promising low cost photovoltaic devices. The price of the cells could be reduced and suitability for mass production improved with new materials and techniques.
In particular, the study of alternative substrate materials is highly motivated since traditionally used glass with transparent conductive oxide (TCO) layer constitutes about one third of the material costs of these cells. 1 Flexible stainless steel (StS) substrates are clearly cheaper compared to TCO glass 2, 3 and also suitable for roll-to-roll mass production. StS has been used both as counter electrode (CE) [4] [5] [6] [7] [8] and photoelectrode (PE) substrate. 7, [9] [10] [11] [12] [13] To gain flexible DSC, transparent polymer substrates are used with metal substrates. The preparation of efficient PEs with low temperature techniques required in the case of polymer substrate has proven out to be more difficult compared to that of CEs. Hence, the application of StS as a PE substrate is especially interesting. Indeed, the highest efficiency of flexible DSCs (8.6 %) has been achieved with StS as photoelectrode substrate. 13 The stability of StS DSCs has been shown to be poorer compared to glass cells, 5, 14 although StS substrates withstood electrolyte soaking tests. [4] [5] [6] The mechanisms resulting in the shorter lifetime are not, however, clear. Besides corrosion of the StS by the electrolyte, 8 it has also been suggested that there may be problems in the encapsulation 5 and that the StS substrate may contaminate the dyed TiO 2 layer with 3 harmful metal oxides. 15 In order to improve the stability, further clarification of the causes leading to the StS cell degradation is needed.
Aging is typically studied with photovoltaic characterization. A complimentary tool that allows decoupling the changes in different cell components is electrochemical impedance spectroscopy (EIS).
When studying the stability of a component in electrolyte, electrolyte soaking tests followed by chemical composition analysis such as atomic absorption spectroscopy of the electrolyte are sometimes used. 4, 6 Composition analysis is, however, restricted by the measurement accuracy. 4, 6 In addition, analysis of the electrolyte requires dismantling of the cell and is thus not suitable for continuous examination of the cell degradation over long periods of time.
In this study we introduce a novel segmented cell method to decouple the aging effects in DSC. The segmented cell method is applicable for many different cases and its use is therefore presented in detail.
Here, the method is applied to study the rapid degradation phenomenon observed in the StS PE cells. In addition to segmented cell method, photovoltaic characterization, open circuit voltage decay (OCVD), and electrochemical impedance spectroscopy (EIS) are applied to give complimentary insight. This study is focused on the electrolyte since it is a common cause of chemical instabilities and it might also act as contamination carrier. The purpose of this study is not to cover everything that may be connect to the aging of the StS PE cells but to give insight to the role of one cell component, the electrolyte.
Experimental methods
Segmented cell method. The idea of applying segment cell to aging studies is to separate the contribution of different cell components to the cell degradation. In a segmented cell, there are electrically isolated cell compartments that share the same electrolyte layer. We have previously employed a segmented cell structure for the examination of spatial performance distribution. 16 Some segmented structures have been used as an internal reference electrode 17 and for studying current leakage from a substrate. 18 Here, a 2-segment cell is adequate for the purpose of the investigation.
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In general, a 2-segment cell for aging studies constitutes of a studied segment and a reference segment.
Here, we connected a StS PE cell with a conventional glass cell as shown in Figure 1 . As the two segments share the same electrolyte layer, differences in the electrolyte in the studied segment causes differences in the reference segment as well. In practice, the segmented cell method applied to degradation studies is a non-destructive way to detect changes in the electrolyte or depletion of charge carriers. More generally, it allows the monitoring of the long term stability of different kind of electrodes under influence of exactly same electrolyte and aging conditions. It should also be taken into account that when current is driven through one segment, the additional electrolyte reservoir in the one segment affects the charge transport in the other and vice versa. We 5 therefore expect that the segmentation method is most suitable for the study of relative differences such as detecting changes due to aging.
An important characteristic that needs to be determined for each segmented cell geometry and electrolyte is the time it takes for the changes in the electrolyte in the studied segment to affect the reference segment. This time is called here the response time. It depends on how quickly the electrolyte is mixed by diffusion. There is practically no convection in the DSCs and migration affects only charged particles. The response time can be determined both experimentally and by calculations as shown in the following chapters.
Experimental calibration of 2-segment cells. The response time of the segmented cell can be estimated experimentally by observing the motion of species that determine either optical or electrical properties of the cell segments, or both. Here, we determine the response time using 2-segment cells composed of a CE-CE segment with glass substrates and another segment with a copper substrate. Since all the triiodide that visit the segment with a copper substrate are immediately reduced to colorless ions, 4 we can study the response time by observing the loss of triiodide from the glass segment. The amount of triiodide in a cell is directly proportional to both the limiting current density 19 and the color of the electrolyte. 20 Polarization measurements showed that the limiting current density in the glass segment connected to a segment with a copper substrate decreased by half in one day. It can therefore be deduced that approximately half of the electrolyte species enter the other segment during one day. It should be noted that polarization of the cell may affect the distribution of triiodide and hence we recommend to minimize any polarization measurements during the calibration process. Note also that this response time estimate is valid only for this particular cell geometry and electrolyte.
Computational calibration of 2-segment cells. The response time can also be studied theoretically assuming that the mixing of the electrolyte follows the basic Fick's law of diffusion
where c is the concentration of the studied particles, D is the diffusion coefficient of the particles, and t is the time. Let's assume that the concentration of studied particles in the measured segment is even c init at the beginning of the experiment (t = 0) while the concentration in the reference segment is zero (c = 0), i.e. the initial state (t = 0) is a step function ( Figure 2 , t = 0). The concentrations start to even out between the measured segment and the reference segment when t > 0. Assuming infinite segments, the time evolution of the concentration profile is given by the follow the equation
We assume that the particles have similar D as the triiodide as in the experimental calibration. The D for triiodide in the electrolyte was 3.6·10 -6 cm 2 /s as determined by limiting current density measurements. 22 Already after one day significant changes in the concentration at a distance of 1 cm from the boundary of the segments can be detected. The response time gained with these calculations is similar to that gained with the experimental calibration. In this study, complete solar cells, substrate -counter electrode (SU-CE) cells, 7 counter electrodecounter electrode (CE-CE) cells, and their combinations in 2-segment cells were prepared. 2-segment cells composed of two glass segments were also prepared as a reference to StS PE -glass PE 2-segment cells to exclude the effect of segmentation to the results. In order to make the substrates to resemble the PE substrate in all the SU-CE, they were thermally treated the same way as the PEs at 450 °C for 30 min and dyed since those treatments change electrochemical properties of the substrate.
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Measurements. Photovoltaic measurements were performed using a solar simulator providing 1000 W/m 2 AM1.5G equivalent light intensity determined by a calibrated silicon reference cell with spectral filters to mimic typical DSC response. The polarization curves were measured using a Keithley 2420
SourceMeter. The solar cells were provided with black masks with a slightly larger aperture size 8 compared to the active area since this gives most reliable results. 26 The measurement platform was also black.
In the open circuit voltage decay (OCVD) measurements, 27 the cells were illuminated using a red LED (λ peak = 639 nm) which was then turned off. The open circuit voltage was recorded in 5 ms intervals using an Agilent 34970A data logger with input impedance larger than 10 GΩ. The measurements were performed in a black box to exclude stray light.
Electrochemical impedance spectroscopy (EIS) was performed twice over the frequency range 100 mHz -100 kHz with Zahner Elektrik's IM6 Impedance Measurement unit. The same equipment was also employed in the polarization curves in dark. The EIS measurements were performed in dark in potentiostatic mode at voltages between 0 and -0.7 V using 10 mV amplitude. The equivalent circuit analysis of the data was done with ZView2 software. The EIS data was analyzed similarly as in our previous study; for instance the equivalent circuits were the same. We detected that the StS PE cells suffered from rapid degradation (within few hours) under 1 sun illumination. In dark, the cells remained stable for a longer period of time. To slow down the degradation and hence leaving time for the measurements, the cells were kept in dark and measured at intervals of a few days. Note that the response time of 2-segment cells is ca. one day as mentioned earlier.
Results and discussion
Initial performance. The initial photovoltaic performance of StS cells was described in detail in our previous work 7 and the initial data presented here (Table 1) is in good correspondence with that. In the case of the StS PE cells, a 10 % decrease in the short circuit current densities (i SC ) compared to the previous study 7 is obtained here due to increased optical losses by the thicker bulk electrolyte layer and 9 increased recombination due to larger triiodide concentration. The fill factor of the StS CE cells is larger than that in the previous study. 7 This is due to batch to batch differences; for instance StS CEs may be more sensitive to slight changes in the thermal treatment than glass CEs. 
Degradation of photovoltaic performance. The efficiency (η) o f t h e S t S P E c e l l s d r o p p e d
approximately 90 % in two weeks in the dark degradation test (Figure 3 ). The decrease of η of StS PE cells was mostly due to the lowering of i SC . Contrary to StS PE cells, the photovoltaic parameters of the StS CE cells and glass cells remained practically constant after the second measurement day (Figure 3 ).
According to literature StS CEs also age when kept under illumination for weeks. 5 Comparison of the StS PE and CE cells, however, proves that the rapid degradation of the StS PE cells cannot be due to either mere presence of StS in the cell or the encapsulation of StS cells. There were no visible changes in the StS PE cells during the measurement period. Since the concentration of triiodide is associated with the appearance (i.e. color), we can conclude that there were no significant changes in it. If there is a decrease in i SC due to the loss of triiodide, the decrease in the triiodide concentration should be roughly corresponding to that in i SC . Hence, the decrease of the StS PE cell i SC cannot be linked with the loss of triiodide due to corrosion (cf. reaction between copper and electrolyte discussed earlier). In the SEM, the surface morphology of the StS PE substrate did not differ from that of the untreated StS (Figure 4 ) which also implies that there is no general corrosion and related pit holes. In addition, EDS composition analysis showed no changes in the composition of the StS PE substrate nor in the dyed TiO 2 layer. The EDS results are, however, indicative only and show that there were no very large changes due to measurement restrictions. For instance, the detection of a monolayer is difficult with EDS meaning that the dye on the TiO 2 could hardly be detected in spite of high coverage.
The fill factor of the StS PE cells did not decrease (Figure 3 ) which implies that components that primarily affect it, such as the ohmic series resistance of the cell and the charge transfer at the CE cannot be responsible for the deterioration of the StS PE cells. This was also confirmed with EIS measurements (data not shown).
Electron recombination. Since both V OC and i SC of StS PE cells decreased in the aging tests, the degradation might be due to increased electron recombination at the photoelectrode since it can affect i SC in addition to V OC . The effective electron lifetime τ eff at the StS PE measured with OCVD (Figure 5a ) and the recombination resistance at the photoelectrode R PE (Figure 6a ) decreased throughout the studied voltage range rather simultaneously as function of time whereas the glass cells gave approximately stable values (Figures 5b and 6d) . Typically, electron recombination at high voltages is mainly due to recombination via the dyed TiO 2 photoelectrode film and at low voltages via the photoelectrode substrate, [29] [30] and hence the result suggests that there would be changes in both the TiO 2 layer and in the StS substrate.
τ eff is linked with R PE as follows
where C PE in the capacitance at the PE / electrolyte interface. The τ eff values calculated from the EIS data (Figures 5a and 6c) . In contrast to this, the glass cells
give very good correspondence of τ eff between the methods (Figures 5b and 6f) . The difference between EIS and OCVD in the small τ eff values is known also in literature 7, 27 and possible reasons for this are discussed in our previous publication. The initial τ eff values ( Figure 5 ) and the R PE values of the StS PEs ( Figure 6 ) were much lower at the high voltages compared to those at the glass PEs. At the high voltages the data should correspond to the TiO 2 layer. [29] [30] In principle the similarly prepared dyed TiO 2 layer should give equal performance. Hence, the StS PE substrate appears to have affected the TiO 2 layer as indicated also in our previous study. 7 The fact that the electron lifetime continued its decrease over the whole observation period (15 days) ( Figure   5a ) suggests that the decrease seen in the first measurements was due to degradation and not a permanent characteristic difference between the StS and glass substrates.
It is also worth commenting that R PE is directly linked with the photovoltaic curve and hence also with 
2-segment cells.
The decreased recombination resistance of the PE in the case of the StS PE cell suggests that the StS PE substrate might have contaminated the cell with harmful metal oxides or reacted with the electrolyte in a way that does not affect the appearance of the cell. The amount of harmful metal oxides needed to cause a decrease in cell performance is small. 15 If this kind of small amount of metal oxides appeared as sub-nano range particles, their detection would be outside the measurement range of both the SEM and the EDS systems. Hence, the contamination hypothesis cannot be completely eliminated with the preceding SEM and EDS analyses. To examine these kinds of changes, 2-segment cells were prepared. The idea was to determine whether or not a StS PE can contaminate a glass PE via electrolyte. Here, we focus on changes in i SC since that characteristic was primary affected in the degradation of StS PE cells.
The decrease of StS PE segment i SC was similar as in normal StS PE cells (Figure 3 and 7) . The performance of the glass segment which was connected to the StS PE segment did not differ from that of a glass segment connected to another glass segment in dark degradation test which lasted almost 20 days (Figure 7 ). In the experimental section it was showed that changes in one segment should affect the other segment already in a day. However, it is in principle possible that the effect is electrolyte mediated, but adsorption of the contaminating material on the nanoporous high surface area TiO 2 photoelectrode film StS PE prevents its transfer from the StS PE segment to the glass segment, cf. adsorption of 4-tBP. 16 To investigate this hypothesis, the TiO 2 film was ruled out by preparing 2-segment cells where the StS PE was replaced with a bare StS substrate. Mere presence of a StS substrate does not itself cause the instability as can be deduced from the StS CE cell data ( Figure 3 ). This is why additional stimulus such as polarization is required in order to have a possibility to evoke degradation effects. Hence, the StS substrate was polarized to -0.5 V to mimic the polarization of a StS PE to result in similar StS substrate/electrolyte interaction as in illuminated StS PE cells. The polarized StS substrates did not affect the i SC of the glass segment either in this test which also lasted about 20 days (data not shown).
Hence, apparently the electrolyte was not contaminated nor was subjected to other significant changes that would itself lead to the rapid degradation of the StS PE cells. If there is contamination from the StS substrate to the TiO 2 layer, it could transfer from the StS substrate to the TiO 2 for instance by surface diffusion without the electrolyte. If the electrolyte has reacted with the stainless steel, it needs to have had a major influence on the performance of StS substrate, for instance the contact between the StS and the TiO 2 layer, while leading to a very minor difference in the electrolyte. The analysis of these other possible aging mechanism is, however, out of the scope of this study since here the focus is on the electrolyte.
Conclusions
A stainless steel photoelectrode dye solar cell suffers from rapid degradation within few days. This does not occur in a stainless steel counter electrode cell. There were no simultaneous visual changes associated with the aging of the StS PE cells indicating that their degradation is not due to loss of triiodide in the electrolyte e.g. through corrosion reactions. The OCVD and EIS measurements showed decreased electron lifetime and recombination resistance at the stainless steel photoelectrode.
To investigate the role of the electrolyte in such a rapid degradation process, 2-segment cells were used connecting laterally a glass based DSC with a stainless steel DSC via a common electrolyte layer.
The segment cell method is a non-destructive way to decouple electrolyte mediated degradation phenomena from local one as well as their effect on different cell components during long term stability testing. Measurements with 2-segment cells confirmed that during the rapid degradation of the stainless steel cells no significant degradation appears in the electrolyte. We may thus conclude that the electrolyte contamination is not the reason for the degradation in stainless steel dye solar cells.
